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Doppler  PlanetDoppler  Planet    SearchSearch

~2000  Nearby  FGKM Stars~2000  Nearby  FGKM Stars
Masses:Masses:  0.3 - 1.3 M0.3 - 1.3 MSUNSUN

Star SelectionStar Selection
Criteria:Criteria:

• Hipparcos  Hipparcos  Cat.Cat.
• Vmag < 10 mag
• No Close Binaries
• Age > 2 Gyr

Hipparcos Cat.  d < 100 pc

1.3 Msun

0.3 MSUN

..  1330 Target Stars  1330 Target Stars



MMPLPL  sini sini = 0.23 M= 0.23 MJUPJUP

  aaorborb  = 0.3 AU= 0.3 AU
e = 0.24e = 0.24

HD 16141    1.0 MHD 16141    1.0 MSUNSUN

Orbital  PhaseOrbital  Phase



Planet  Mass  DistributionPlanet  Mass  Distribution

(Exclude(Exclude

11stst bin.) bin.)

MoreMore
    Low-MassLow-Mass

PlanetsPlanets

Three Three NeptunesNeptunes::
��Gl Gl 436436
��55 55 Cnc Cnc dd
��  µµ Ara Ara

( Butler et al.( Butler et al.
McArthur et al.McArthur et al.
Santos et al.  )Santos et al.  )



Poor

Detect-

ability

Doppler  Survey  of 1330  Nearby Sun-like StarsDoppler  Survey  of 1330  Nearby Sun-like Stars

Extrapolation:Extrapolation:
6% of stars have6% of stars have

giant planetsgiant planets
beyond 3 AUbeyond 3 AU

ArmitageArmitage,, Livio Livio,, Lubow Lubow, Pringle , Pringle 
et al. 2002et al. 2002

Trilling, Benz,Trilling, Benz, Lunine  Lunine 20022002

Model:Model:
Inward Migration:Inward Migration:

Planets in placePlanets in place
as disk vanishesas disk vanishes

RiseRise



Orbital  EccentricitiesOrbital  Eccentricities

TidalTidal
Circ.Circ.

JupitersJupiters
at 2-4 AU:at 2-4 AU:

  StillStill
EccentricEccentric

..



Planet Planet ––  Metallicity  Metallicity  CorrelationCorrelation

Fischer &Fischer &
Valenti  Valenti  20052005

Abundance
Analysis
of all
1000 stars:
SpectralSpectral
SynthesisSynthesis

Valenti Valenti & Fischer& Fischer
20052005
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  17 17   KnownKnown

Multi - Planet Systems*Multi - Planet Systems*

 *4 from Mayor et al. *4 from Mayor et al.

115 planet-115 planet-
host stars:host stars:
    15% are15% are
    multiplemultiple

Nearby Nearby   StarsStars
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Is  the SIM  Planet  Search:Is  the SIM  Planet  Search:

�� Scientifically Unique  &  Overwhelmingly  Epochal ?Scientifically Unique  &  Overwhelmingly  Epochal ?

�� Programmatically  Viable  & Worth the Cost ?Programmatically  Viable  & Worth the Cost ?



Rocky, Habitable PlanetsRocky, Habitable Planets
Within  25 pcWithin  25 pc

�� Goals:  Occurrence, Masses,  Orbits,  Goals:  Occurrence, Masses,  Orbits,  ChemChem.Comp..Comp.
�� SIM & TPF :  Only hope Except Darwin SIM & TPF :  Only hope Except Darwin (not RV,(not RV, Kepler Kepler))

�� Theory: CanTheory: Can’’t predict Occurrence or Any Property !t predict Occurrence or Any Property !
�� SIM will survey 250 AFGKM Stars  (15 pc):SIM will survey 250 AFGKM Stars  (15 pc):
            - Finds 3 - Finds 3 MMearthearth    @ 5 @ 5 σ   ...  σ   ...  Direct ScienceDirect Science
              - Finds 1 - Finds 1 MMearthearth    @ 1 @ 1 σ   ...  σ   ...  Feed to TPFFeed to TPF

1.1. Earth-enriched TPF stellar sampleEarth-enriched TPF stellar sample
2.2. Orbital phase of TPF observations:Orbital phase of TPF observations:
       When planet outside 4        When planet outside 4 λλ/d  (0.06 /d  (0.06 arcsecarcsec).).

Outline  of  TalkOutline  of  Talk



Primary Primary   SIM  TargetsSIM  Targets

�� 250   A, F, G, K, M  dwarfs  within ~15 pc250   A, F, G, K, M  dwarfs  within ~15 pc

��   Doppler Recon.Doppler Recon.  @   @   1 m s1 m s-1-1

                            Jupiters Jupiters & & Saturns Saturns within 5 AUwithin 5 AU

��   SIMSIM: :   30 30 obsobs. during 5 yr . during 5 yr (1(1  µµasas))
                          3 3 MMEarthEarth    @ 0.5 - 1.5 AU@ 0.5 - 1.5 AU

�� 6  K-giant reference stars @ 6  K-giant reference stars @   0.5 - 1 0.5 - 1 kpckpc
��   Located within 2 degLocated within 2 deg of each target of each target
��   Doppler vetting for binariesDoppler vetting for binaries @ 25 m/s @ 25 m/s

5 5 σσ



Selection:
• Proximity
•  Hab. Zone

SIM:  250  AFGKMSIM:  250  AFGKM
Main  Sequence Stars  Main  Sequence Stars    d < 15 pcd < 15 pc

Star NameStar Name Parallax  Parallax  Sp-TypeSp-Type



Radial  Velocity Planet  SearchesRadial  Velocity Planet  Searches

Detection Limit:Detection Limit:
~ 0.2 M~ 0.2 MJUP JUP @ 1 AU@ 1 AU

15 - 2015 - 20 M Mearthearth

��  Gl Gl 436436
��  5555 Cnc  Cnc dd
��  µµ Ara Ara

RV Limitations:RV Limitations:
��  Only a < 0.1 AUOnly a < 0.1 AU
��  M > 10M > 10 M Mearthearth

( Butler et al. McArthur et al.( Butler et al. McArthur et al.,
Santos et al.  )Santos et al.  )



Can  RV DetectCan  RV Detect
Rocky Planets at 1 AU  ?Rocky Planets at 1 AU  ?

Benchmark:Benchmark:    1 Earth Mass at 1 AU.1 Earth Mass at 1 AU.

RV Amplitude:  RV Amplitude:    K = 0.09 m/sK = 0.09 m/s
RV Errors: RV Errors:                 σσ  =  1.0 m/s  =  1.0 m/s

                              S/N  ~  K / S/N  ~  K / σσ  ~ 0.1  ~ 0.1

RV  Cannot FindRV  Cannot Find
 Earths  Anywhere Near  HZ Earths  Anywhere Near  HZ

(Even with 1 m/s)(Even with 1 m/s)

Exception: M DwarfsException: M Dwarfs



Nominal SIM  Discovery  Space:

Unique SIM Domain:Unique SIM Domain:

    3 - 30 M3 - 30 MEARTHEARTH

 Near Habitable Zones Near Habitable Zones

••UnambiguousUnambiguous    MassMass

••Co-planarity of orbits inCo-planarity of orbits in

      multi-planet systemsmulti-planet systems

•• Orbital:  a, P, e Orbital:  a, P, e

Unique  SIM
   Domain

MASS
(MEarth )

300

30

3

3000

......



Nominal SIM  Discovery  Space:

Unique SIM Domain:Unique SIM Domain:

    3 - 30 M3 - 30 MEARTHEARTH

 Near Habitable Zones Near Habitable Zones

Unique  SIM
Domain

MASS
(MEarth )

300

30

3

3000

......
Critical Examination
Critical Examination

Of SIMOf SIM Detectability Detectability
��  Low Mass Thresh ?Low Mass Thresh ?
��  False Alarms ?False Alarms ?
��  Does SIM Help TPF ?Does SIM Help TPF ?



SIMULATION:  Nominal SIM  Limit:SIMULATION:  Nominal SIM  Limit:

3 3 MMearthearth    @ 1 AU  (d = 5 pc)@ 1 AU  (d = 5 pc)
�� Wobble  >  1 Wobble  >  1 µµasas

�� Overkill:Overkill:
    Temporal  Coherence    Temporal  Coherence

Proper FAP Assessment:Proper FAP Assessment:
•• Fit OrbitFit Orbit
•• Chi-SquareChi-Square
•• F-Test or Monte CarloF-Test or Monte Carlo
    (    (ProbProb. of . of Chisq Chisq that lowthat low
     from noise fluctuations)     from noise fluctuations)



FAP  Assessment:FAP  Assessment:

Periodogram  Periodogram  SurrogateSurrogate
(for P < (for P < TTTimeSeries  TimeSeries  ))

I = 60 degI = 60 deg

PeriodogramsPeriodograms3 3 MMearthearth  @ 1 AU@ 1 AU Orthogonal SIMOrthogonal SIM Meas Meas..

Period  (d)Period  (d)

Period  (d)Period  (d)



1.5  1.5  Mearth Mearth @ 1 AU   (d = 5 pc)@ 1 AU   (d = 5 pc)

PeriodogramPeriodogramSIM SIM  Meas Meas..

Marginal  Detection:  FAP = 3%Marginal  Detection:  FAP = 3%



Fraction Meeting FAP ThreshFraction Meeting FAP Thresh
for Different Planet  Massesfor Different Planet  Masses

  (a =1 AU,  d = 5 pc)(a =1 AU,  d = 5 pc)

For 3 For 3 MMearthearth::
  100 % have100 % have

  FAP < 0.05FAP < 0.05

For 1.5 For 1.5 MMearthearth::
  63% have63% have

  FAP < 0.05FAP < 0.05

.01   .01     0.05 0.05     0.32    0.32  FAP ThreshFAP Thresh3 3 MMEarthEarth

1.5 1.5 MMEarthEarth

Find 63% of  earths.Find 63% of  earths.
Incur 5% Incur 5%   false false postivespostives

0 0               .02 .02            .04     .04             .06    .06            .08    .08           .10  .10
                                                            FAPFAP

FAPs FAPs forfor

    3  3              67% 100%  100%67% 100%  100%
    1.5  1.5        31%  63%  31%  63%      94%94%
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1.5 1.5 MMearthearth    @ 1 AU@ 1 AU

100  SIM  Observations100  SIM  Observations

SIMSIM Meas Meas..                                                PeriodogramPeriodogram

Highest PriorityHighest Priority
StarsStars



83%  99%  100%83%  99%  100%

Fraction Meeting FAP ThresholdFraction Meeting FAP Threshold

For 3 For 3 MMearthearth::
  100 % have100 % have

  FAP < 0.05FAP < 0.05

For 1.5 For 1.5 MMearthearth::
 99% have 99% have

  FAP < 0.05FAP < 0.05

FAP  Thresh.FAP  Thresh.

0.01  0.05    .320.01  0.05    .32
3 3 MMEarthEarth

1.5 1.5 MMEarthEarth

Find 99% of  earths.Find 99% of  earths.
Incur 5% Incur 5%   false false postivespostives

0 0       .02 .02     .04   .04    .06  .06      .08  .08         .10.10
                                            FAPFAP

              FAPs FAPs forfor

100  SIM  Observations100  SIM  Observations

1.51.5

100% 100% 100%100% 100% 100%33

a =1 AU  (d = 5 pc)a =1 AU  (d = 5 pc)
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9898858549491 1 MMearthearth

100100999983831.5 1.5 MMearthearth

1001001001001001003 3 MMEarthEarth

0.320.320.050.050.010.01FAP Thresh.FAP Thresh.

71712727991 1 MMearthearth

9494636331311.5 1.5 MMearthearth

10010010010099993 3 MMEarthEarth

0.320.320.050.050.010.01FAPFAP    Thresh.Thresh.

N = 100  2-D SIM Obs.

N = 30  2-D SIM Obs.

Fraction  Meeting  FAP Thresh.Fraction  Meeting  FAP Thresh.

1 AU,1 AU,
5 pc5 pc



Enhancing  TPF  Stellar SampleEnhancing  TPF  Stellar Sample

�� Eta Eta Earth Earth = Fraction of Stars with  Earth-mass in HZ= Fraction of Stars with  Earth-mass in HZ

�� Enrichment Factor:Enrichment Factor:

                                                                                                                FracFracFAPFAP

                                                                        (1-(1-EtaEta) ) ThreshThreshFAPFAP  + + Eta  FracEta  FracFAPFAP

For For Eta Eta ~ 0.1, Enrichment Factor = 3~ 0.1, Enrichment Factor = 3

Instead of 10% of TPF sample, 30% of sample has earths.Instead of 10% of TPF sample, 30% of sample has earths.

FracFracFAPFAP    is  is  Frac Frac FAP < FAP < ThreshThreshFAPFAP



EtaEtaEarthEarth:   :   TPF  TPF  vs  vs  SIMSIM

�� EtaEtaEarthEarth  < 0.1< 0.1 :   :  ““SIM wonSIM won’’t find many 5-t find many 5-σσ planets planets””

              Reply:                Reply:  If so, TPF-C with ~30 targets wonIf so, TPF-C with ~30 targets won’’t either!t either!

                                                    TPF needs SIM to enrich stellar sample with earths.TPF needs SIM to enrich stellar sample with earths.

��   EtaEtaEarthEarth  > 0.2> 0.2:  then TPF doesn:  then TPF doesn’’t t ““needneed”” SIM. SIM.

                            Reply:   SIM will find many rocky planets.Reply:   SIM will find many rocky planets.

                                                   Bonanza of information on rocky planets.   Bonanza of information on rocky planets.

                                                         -   -  dNdN//dMdM,  Relation to star mass & ,  Relation to star mass & MetallicityMetallicity

                                                          -  Orbital radius, eccentricity-  Orbital radius, eccentricity

SIM is SIM is thethe Terrestrial Planet Finder. Terrestrial Planet Finder.
TPF TPF   characterizescharacterizes    planets.planets.

Two Two EtaEtaEarthEarth  Cases:Cases:



SIM OffersSIM Offers

��   Astrophysics of  rocky planets as valuable as TPF:Astrophysics of  rocky planets as valuable as TPF:
              - Masses & Mass Distribution- Masses & Mass Distribution
      -  Orbital radii      -  Orbital radii
       -  Eccentricities       -  Eccentricities
       -  Correlation with Stellar Mass  &       -  Correlation with Stellar Mass  &  Metallicity  Metallicity

�� Enhancement and Security to TPF:Enhancement and Security to TPF:
              If SIM doesn't fly, TPF is vulnerable to criticismIf SIM doesn't fly, TPF is vulnerable to criticism
        of inadequate reconnaissance and possible failure.        of inadequate reconnaissance and possible failure.

�� Require:Require:   -  N   -  NOBSOBS ~ 30 -100   to detect 1 M ~ 30 -100   to detect 1 MEARTHEARTH

                     -                      -   8  Ref. Stars  per Target: 8  Ref. Stars  per Target:   Ensure 1 Ensure 1 µµasas

Conclude:Conclude:



The The   EndEnd

Extra Slides follow . . .Extra Slides follow . . .



• Distinguish  Giants from Dwarfs:   Reduced Proper Motion Diagram

     Tycho 2 Cat. + 2MASS JHK  + Tycho BV + proper motion

              RPM =  K  + 5 * log (mu)   RPM & Color ==> Giants

        90% Efficient   (10% Dwarfs & 90% Efficient   (10% Dwarfs & Subgiants Subgiants leak)leak)

• Select stars with B-V < 1.2Select stars with B-V < 1.2

    (low RV jitter)

•• RV vetting  at 25 m/s RV vetting  at 25 m/s

ReferenceReference    StarsStars

Culling  K Giants  @  0.5 - 1 Culling  K Giants  @  0.5 - 1 kpckpc

Low RV jitterLow RV jitter

Sabine Sabine ReffertReffert  

RV  JitterRV  Jitter



Selecting Selecting   Reference  StarsReference  Stars

�� K Giants at d > 500 pc K Giants at d > 500 pc
              ((ElimElim.  .  Astrometric Astrometric Jitter from Earths, Jitter from Earths, NeptunesNeptunes))

�� V < 10.5 V < 10.5 mag   mag  (Exp. Time 30 sec, Low thermal drift)(Exp. Time 30 sec, Low thermal drift)

��  θ   θ < 2 deg < 2 deg                     (Angle (Angle DepDep. Errors). Errors)

�� RV  Vetting:  25 m/s   RV  Vetting:  25 m/s  ((Elim Elim Binaries, Binaries, BDsBDs))

        Two Types of Contamination:Two Types of Contamination:
θθ      Giant PlanetsGiant Planets    M < 5M < 5 Mjup  Mjup within 5 AU    (10 % occurrence)within 5 AU    (10 % occurrence)

θθ      Wide BinariesWide Binaries:: a = 10 - 100 AU a = 10 - 100 AU

                          Unresolved at 1 Unresolved at 1 kpckpc, Contaminate Fringes, Contaminate Fringes
                                              10% have delta10% have delta mag  mag < 7            < 7                    Error > 4 Error > 4 uasuas..



61 61 Cyg Cyg AA

Exp. ErrorExp. Error
�� PhotonsPhotons
�� Angle sep.Angle sep.
�� Planet jitterPlanet jitter

FailureFailure Prob Prob..

11oo



Typical  M Dwarf CompanionTypical  M Dwarf Companion

ElimElim. Companions:. Companions:

25 m/s RV Precision25 m/s RV Precision  

RV Vetting of Reference Stars:RV Vetting of Reference Stars:

PlanetsPlanets
around K giantsaround K giants
get throughget through



61 61 Cygni Cygni A:  Proper  MotionA:  Proper  Motion

Nuisance StarsNuisance Stars

FringeFringe
ContaminationContamination
if within 2if within 2 arcsec arcsec



Poor

Detect-

ability

Doppler  Survey  of 1330  Nearby Sun-like StarsDoppler  Survey  of 1330  Nearby Sun-like Stars

Extrapolation:Extrapolation:
6% of stars have6% of stars have

giant planetsgiant planets
beyond 3 AUbeyond 3 AU

ArmitageArmitage,, Livio Livio,, Lubow Lubow, Pringle , Pringle 
et al. 2002et al. 2002

Trilling, Benz,Trilling, Benz, Lunine  Lunine 20022002

Model:Model:
Inward Migration:Inward Migration:

Planets left behindPlanets left behind
as disk vanishesas disk vanishes

Rise?Rise?



Planet Planet ––  Metallicity  Metallicity  CorrelationCorrelation

Fischer &Fischer &
Valenti  Valenti  20052005

Abundance
Analysis
of all
1000 stars:
SpectralSpectral
SynthesisSynthesis

Valenti Valenti & Fischer& Fischer
20052005

                                              1.61.6
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Protoplanetary Disks of Gas & Dust

Theoretical
Planet-Formation:

� Dust Growth �

    pebbles/rocks

� Grav. Runaway

� Gas Accretion

  Migration & Interactions

Formation of Planetary Systems:Formation of Planetary Systems:
The Solar  System Paradigm

ObservationsObservations
� mm-wave dust emission

� IR Excess/Spectra & SEDs

� HST Imaging

� � MDISK = 10-100 MJUP

� Disk Lifetime ~ 3 Myr

 Models of



  Multi-Planet InteractionsMulti-Planet Interactions (Levison, Lissauer, Duncan1998)

� 100 Planet “Embryos”  (~MEarth)
� Scatter, Collide, Stick,
� Accrete Gas

 Chaos

After 21.5 After 21.5 MyrMyr

After 30 After 30 MyrMyr

Lone Close-in,Lone Close-in,
Jupiter  inJupiter  in
Eccentric  Orbit.Eccentric  Orbit.



LevisonLevison,, Lissauer Lissauer, Duncan 1998, Duncan 1998

Monte Carlo Examples ofMonte Carlo Examples of
Planetary Systems.Planetary Systems.

� Size �  Planet mass
     (in M earth ) above each planet.

                    Peri - Apo  of orbit

AUAU

-- -- --
Rocky  Planets willRocky  Planets will
Outnumber Outnumber jupitersjupiters..



Low-Precision Planet SearchLow-Precision Planet Search

�� 400 AFGKM stars at 10-30 pc400 AFGKM stars at 10-30 pc
�� SIM precision:  4 SIM precision:  4 µµasas

�� Use Use ““SIM  GRIDSIM  GRID””  (not nearby Ref Stars)  (not nearby Ref Stars)
�� Doppler Recon. at 1 m/sDoppler Recon. at 1 m/s
    ==>    ==>  Jupiters   Jupiters and and Saturns Saturns within 5 AUwithin 5 AU

4 4 µµas as @ 30 pc reveals:@ 30 pc reveals:

 30   30  MMearth earth at 1 AUat 1 AU



SIM Synergy with SIM Synergy with TPFTPF

TPF inner wo

��   SIMSIM  ~250~250 closest  closest stars:stars:
                  Identify Identify targetstargets for  TPF-c for  TPF-c

        Definite targets:Definite targets:  SIM finds rocky planets  SIM finds rocky planets
-        -                                         in the habitable zone in the habitable zone

     Potential targets     Potential targets::  2-  2-σσ SIM earths SIM earths
                                    Enrich TPF targets                                    Enrich TPF targets

        Avoid targets:Avoid targets: SIM finds a  SIM finds a giant planet ingiant planet in
-  -                                          the the     habitable zonehabitable zone

Catch planets when they
are 4 λ/d = 65 mas

from star.

TPF Timing:TPF Timing:

Inner Working DistanceInner Working Distance



�� Focus on manned mission toFocus on manned mission to
Moon and Mars, roboticMoon and Mars, robotic
exploration of solar system, andexploration of solar system, and
search for life around other starssearch for life around other stars

�� Among Among   20 goals the President set20 goals the President set
for NASA is the following:for NASA is the following:
�� ““Conduct advanced telescopeConduct advanced telescope

searches for Earth-like planetssearches for Earth-like planets
and habitable environmentsand habitable environments
around other starsaround other stars””

�� International participation ---International participation ---
““This is not a race This is not a race ……””



Epicurus (341-270 B.C.)Epicurus (341-270 B.C.)

    ““There are infinite worlds bothThere are infinite worlds both
like and unlike this world oflike and unlike this world of
ours ... we must believe that inours ... we must believe that in
all worlds there are livingall worlds there are living
creatures and plants and othercreatures and plants and other
things we see in this worldthings we see in this world…”…”

 Greek philosopher in Athens where he opened a school of philosophy



Democritus:Democritus:
Pre-SocraticPre-Socratic  GreekGreek  philosopherphilosopher

((460 - 370 BC460 - 370 BC).).

““    There are innumerable worlds ofThere are innumerable worlds of
different sizes. different sizes. These worlds areThese worlds are
at irregular distances, more in oneat irregular distances, more in one
direction and less in another, anddirection and less in another, and
some are flourishing, otherssome are flourishing, others
declining. Here they come intodeclining. Here they come into
being, there they die, and they arebeing, there they die, and they are
destroyed by collision with onedestroyed by collision with one
another. Some of the worlds haveanother. Some of the worlds have
no animal or vegetable life nor anyno animal or vegetable life nor any
water. water. ““



Gliese Gliese 436:436:
VelocityVelocity  vs  vs.  Phase.  Phase

MsinMsinii  = 21 M= 21 MEarthEarth

M ~ 21 M ~ 21 MMEarthEarth

a = 0.03 AUa = 0.03 AU

K ~ K ~ MMpl pl / a/ a1/21/2

3 3 Mearth Mearth atat
1 AU1 AU

K = 10 cm/sK = 10 cm/s
At 1 AU,At 1 AU,

RV can detectRV can detect
2020 MM



Error bars are 1 uas

SIM:SIM:
3 Earth-Mass3 Earth-Mass

PlanetsPlanets
                                      precision 1 precision 1 µµasas

 d = 5pc

SIMSIM



Two SIM Planet Searches forTwo SIM Planet Searches for

Rocky  PlanetsRocky  Planets
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